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INTRODUCTION 


This  program  seeks  to  apply  a  solid  state,  staring,  ultrasonic  hybrid  array  to  demonstrate  the 
first  real-time,  portable,  C-scan  diagnostic  ultrasound  medical  imaging  system  with  three-dimen¬ 
sional  (3-D)  capability  for  battlefield  and  trauma  care. 

Current  B-scan  ultrasound  imaging  limits  the  visualization  of  3-D  structures  because  only  2-D 
slices  are  imaged.  These  slices  must  then  be  reconstructed  in  the  operator's  mind  to  obtain  a  mental  3- 
D  “picture”  of  the  target  anatomy.  Automatic  movement  of  the  transducer  with  computer  reconstruc¬ 
tion  (offline)  has  recently  been  introduced  by  some  manufacturers,  but  the  systems  are  slower,  more 
costly,  and  harder  to  use  than  conventional  B-scan  imaging  instruments.  They  are  not  well  suited  to 
battlefield  use. 

Recognizing  the  importance  of  3-D  imaging,  the  ultrasound  industry  is  in  search  of  a  technical 
solution  to  building  high  resolution,  2-D  ultrasound  arrays.  The  Lockheed  Martin  IR  Imaging  Sys¬ 
tems  solution  is  unique.  It  consists  of  constructing  large  imaging  ultrasound  arrays  using  processes 
derived  from  DARPA  supported  technology  for  infrared  focal  plane  arrays  (IRFPAs).  We  have  directly 
applied  existing  designs  and  processes  from  thermal  imaging  systems  to  prove  our  ultrasound  imag¬ 
ing  capability. 

This  technology  bridges  the  large  gap  between  taking  vital  signs  and  making  basic  observations 
in  the  field  and  taking  CT  scans  back  in  a  hospital.  With  C-scan  technology  brought  to  the  field,  deep 
tissue  damage  assessment  is  done  quickly,  enabling  earlier  intervention.  This  is  true  for  either  battle¬ 
field  environments  or  EMT/ambulance  applications.  Real-time  imagery  also  affords  the  opportunity 
for  transmission,  remote  diagnosis,  and  archiving  of  information.  This  can  also  benefit  health  care  in 
remote  locations  where  specialists  and  expensive  imaging  diagnostic  equipment  are  not  available. 

Earlier  efforts  had  already  proven  the  feasibility  of  the  2-D  transducer  hybrid  array.  We  success¬ 
fully  imaged  the  direct  illumination  of  a  focused  source  with  our  44x64  element  transducer  array 
technology.  We  believe  this  44  x  64  element  ultrasound  array  to  be  the  largest  operating  two  dimen¬ 
sional  (2-D)  ultrasound  array  in  existence. 

During  Phase  I  of  this  project,  our  goal  was  to  demonstrate  real-time  C-scan  imagery  from  reflect¬ 
ing  targets.  Our  approach  was  to  build  2-D  ultrasonic  hybrid  transducers  using  a  diced  array  of  piezo¬ 
electric  elements  mated  to  an  existing  readout  integrated  circuit  (ROIC).  We  also  modified  existing 
hardware  to  enable  the  capture  and  analysis  of  real  time  C-scan  imagery.  To  accomplish  this,  we  modi¬ 
fied  an  existing  IR  camera  to  provide  range  gate  and  timing  controls  necessary  for  ultrasonography.  In 
parallel  with  this  effort,  and  in  support  of  the  real-time  imagery  Phase  I  goal,  the  IRFPA-FM  program 
established  a  transducer  fabrication  capability  based  on  our  IR  read  out  integrated  circuit  and  infrared 
focal  plane  fabrication  technology. 

As  described  in  the  October  1995  report,  the  Phase  I  effort  demonstrated  the  feasibility  of  an 
ultrasonic  battlefield  imager  using  2-D  hybrids  as  the  ultrasonic  transducer  by  imaging  reflected 
energy  from  both  specular  and  diffuse  scattering  targets.  An  image  of  line  targets,  taken  by  the  Phase 
I  transducer  hybrid  is  shown  in  Figure  1.  This  image  presents  a  series  of  line  targets  buried  within  a 
medical  ultrasound  test  object. 

This  report  describes  the  work  performed  in  the  first  half  of  Phase  II  with  emphasis  on  the  key 
design  accomplishments,  together  with  the  challenges  overcome.  Our  Phase  II  program  builds  on  the 
success  of  the  initial  feasibility  components  developed  in  Phase  I.  We  believe  our  approach  will  aid  in 
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the  location  of  foreign  object  fragments,  the  location  and  quantification  of  the  extent  of  hemorrhage, 
and  will  improve  techniques  for  guided  surgery  and  biopsy. 

The  objective  of  Phase  II  of  the  BUDI  program  is  to  demonstrate  a  prototype  ultrasonic  imager 
capable  of  high  quality  ultrasound  imagery  suitable  for  3D  reconstruction.  Phase  II  is  a  two  year 
effort.  This  report  covers  the  first  year  of  that  two  year  period.  The  plan  for  this  year  was  to  design  and 
begin  fabrication  of  a  bi-static  ultrasound  imager  employing  a  128x128  receive  array  and  multiple 
broad  area  transmitters  to  insonify  the  area  of  interest.  The  system  incorporates  a  physical  beam 
former  (ultrasonic  lens),  receive  array,  custom  electronics  to  operate  the  array  and  control  system  tim¬ 
ing,  a  signal  processor  for  image  construction  and  a  commercially  available  PC  (personal  computer)  as 
the  user  interface.  A  separate  high  resolution  video  monitor,  transmit  transducers,  and  power  ampli¬ 
fier  complete  the  system.  All  portions  of  this  system  were  analyzed  to  assure  that  the  prototype  could 
meet  the  performance  requirements  listed  in  Table  1. 


Figure  1.  Image  of  1  mm  Monofilament  Nylon  in  Tissue  Equivalent  Test  Object  at  a  Depth  of  1  cm. 
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Table  1.  System  Target  Requirements 


Target  Anatomy: 

Abdominal  Organs  and  Foreign 

Objects 

Frame  Rate: 

10  Hz -30  Hz 

BUDI 

Present  Systems 

Resolution:  Azimuth: 

1  mm 

<2  mm 

Elevation: 

1  mm 

<6  mm 

Range: 

1  mm 

<0.5  mm 

Operating  Frequency: 

5  MHz 

Penetration  Depth: 

15  cm 

Sensitivity: 

9.7  pV/ Pa;  -220  dB  re  1  V/pPa 

Noise  Equivalent  Pressure: 

1 .03  Pa 

Dynamic  Range: 

90  dB  Total,  >30  dB  Instantaneous 

Fixed  Pattern  Noise: 

1  LSB  @  8  bits  or  -48  dB  re  Max  Level 

The  schedule  for  Phase  II  is  shown  in  Figure  2.  The  first  three  months  of  Phase  II  were  dedicated 
to  system  trade-offs  and  system  performance  analysis.  The  second  quarter  was  directed  at  establish¬ 
ing  the  system  preliminary  design  with  the  primary  focus  being  the  establishment  of  the  readout  inte¬ 
grated  circuit  (ROIC)  preliminary  design.  This  long  lead  item  is  the  electronic  heart  of  the  system.  Its 
operating  characteristics  determined  the  characteristics  of  the  remainder  of  the  electronics  and 
therefore  warranted  acceleration  with  respect  to  other  system  components.  In  July,  the  completed 
design  was  released  to  the  foundry  for  fabrication.  The  anticipated  completion  date  is  December  3. 

Upon  solidification  of  the  ROIC  design,  the  detailed  design  of  the  remainder  of  the  electronics 
was  released.  System  electronics  will  begin  delivery  in  December  to  facilitate  ROIC  testing  and  to 
expedite  the  integration  process.  Transducer  arrays  will  be  hybridized  to  the  ROICs  to  make  trans¬ 
ducer  hybrid  assemblies  (THAs)  in  the  period  January  through  May,  with  minor  process  and  material 
variations  to  determine  the  optimum  configuration.  Finally,  the  period  June  through  September  will 
be  allocated  to  operation  and  evaluation  of  the  system  at  the  University  of  Rochester  with  clinical 
evaluations  at  the  University’s  Medical  Center. 

The  following  sections  describe  in  detail  the  accomplishments  to  date  in  this  phase  of  the  con¬ 
tract. 

SCIENTIFIC  &  TECHNICAL  MERIT 

The  goals  of  our  medical  ultrasound  imaging  system  development  are  visualization  of  the  interior  of  a 
human  subject  with: 

•  Excellent  image  quality 

•  Real-time  frame  rates 

•  Image  manipulation  to  obtain  any  derived  view  or  cross-section 

•  Portability 

•  Low  cost 

Demonstration  of  imaging  with  a  16,384  element  ultrasonic  hybrid  array  will  enable  true  real¬ 
time  volumetric  imaging  with  ultrasound. 


9611-12 


3 


RELEVANCE  TO  DARPA 


> 


I 


Our  imaging  ultrasound  array  is  the  application  of  dual  use  technology  derived  from  DARPA 
sponsored  developments.  Arrays  are  derived  from  IRFPA  technology,  using  acoustically  sensitive 
materials  in  place  of  the  IR  detectors.  Under  the  flexible  manufacturing  program  with  DARPA/MTO, 
Lockheed  Martin  has  also  demonstrated  fabrication  of  ultrasound  hybrid  arrays.  By  using  the  same 
IR  hybrid  fabrication  line  that  supplies  DoD  and  commercial  IR  imaging  products,  ultrasound  arrays 
have  been  made  available  to  this  program  without  significant  additional  startup  expenses,  providing 
maximum  synergy  of  DARPA  activities. 

CAPABILITIES  AND  COMMERCIALIZATION 

We  have  assembled  a  team  that  includes  key  leaders  in  diagnostic  ultrasound  medicine,  equipment 
development,  and  imaging  systems: 

•  University  of  Rochester,  Center  for  Biomedical  Ultrasound:  Dr.  Kevin  Parker,  Direc¬ 
tor.  The  center  is  the  oldest  and  largest  interdisciplinary  research  organization  in  the 
world  devoted  to  all  aspects  of  medical  imaging. 

•  Lockheed  Martin  IR  Imaging  Systems:  A  leader  in  military  and  commercial  applica¬ 
tion  of  electro-optic  imaging  technologies,  LIRIS  will  design  and  fabricate  the  ultra¬ 
sonic  imaging  arrays  and  associated  electronics. 

We  have  had  discussions  with  representatives  of  ATL,  Siemans,  Acuson,  and  GE.  It  is  Lockheed 
Martin’s  intention  to  enter  into  an  OEM  agreement  with  a  major  system  manufacturer  to  bring  the 
product  to  market  most  effectively. 
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BUDI  PHASE  II  IMAGER  DESIGN  AND  OPERATION 


The  Real  Time  3-D  Battlefield  Ultrasonic  Diagnostic  Imager  (BUDI)  is  intended  for  imaging 
radiolucent  shrapnel,  fluid  collections  and  abdominal  organs  under  battlefield  conditions.  It  will 
allow  forward  echelon  personnel  to  perform  more  accurate  and  effective  triage  in  order  to  evacuate 
the  wounded  who  would  most  benefit.  The  Phase  II  Laboratory  Demonstration  System  discussed  in 
this  Annual  Report  is  under  development  at  Lockheed  Martin  IR  Imaging  Systems  and  is  intended 
only  for  use  in  a  hospital  IRB-controlled  environment. 

SYSTEM  REQUIREMENTS 

The  Battlefield  Ultrasonic  Diagnostic  Imager  Laboratory  Demonstration  System  (BUDI-LDS) 
seeks  to  image  abdominal  organs  and  pooled  fluids  in  the  abdominal  cavity  with  dimensions  greater 
than  1  cm,  and  hard  objects  within  the  abdomen,  e.g.  plastic  or  metal  fragments,  larger  than  1  mm3. 

The  system  performance  objectives  are  spatial  resolution  of  1  mm  in  all  three  spatial  dimen¬ 
sions,  an  image  dynamic  range  of  greater  than  30  dB  at  any  single  depth,  a  minimum  resolvable  con¬ 
trast  difference  of  3  dB  relative  to  the  background  level  for  small  targets,  and  the  ability  to  image  from 
the  skin’s  surface  to  a  depth  of  10  cm  with  full  dynamic  range,  and  to  a  depth  of  15  cm  for  hard  objects. 
The  BUDI-LDS  will  provide  a  real-time,  two-dimensional  image,  where  real-time  is  defined  as  30 
frames  per  second. 

The  BUDI-LDS  will  also  acquire  data  for  subsequent  three-dimensional  image  reconstruction 
and  rendering.  This  data  can  take  the  form  of  either  a  sequence  of  frames  focused  at  succeeding 
depths  for  direct  volume  rendering,  or  an  amplitude  and  phase  image  from  which  three-dimensional 
data  can  be  holographically  reconstructed  and  subsequently  rendered. 

BUDI-LDS  Top-Level  Description 

The  Battlefield  Ultrasonic  Diagnostic  Imager  Laboratory  Demonstration  System  (BUDI-LDS) 
consists  of  two  major  subsystems:  the  probe  and  the  console,  as  shown  in  Figure  3. 

The  probe  acts  as  the  imaging  transceiver.  It  generates  the  acoustic  energy  pulse  required  to 
interrogate  the  body  using  stand-alone  transmit  transducers.  The  probe  is  equipped  with  four,  5  MHz 
transmit  transducers  to  allow  the  system  to  compose  varying  speckle  patterns  by  changing  the  source 
of  the  ultrasonic  pulse.  The  probe  also  collects  and  images  the  reflected  ultrasonic  return  using  an 
acoustic  lens.  The  probe  converts  the  ultrasonic  image  to  electronic  form  using  the  acoustic  imaging 
module  (AIM). 

The  AIM  consists  of  two  subassemblies:  the  transducer  hybrid  assembly  (THA)  and  the  interface 
electronics  (IE).  The  THA  performs  the  acoustic  to  electronic  image  conversion.  It  resides  in  the  focal 
plane  of  the  acoustic  lens,  and  consists  of  a  128x128  element,  two-dimensional,  piezoelectric  array, 
electrically  interconnected  to  a  custom,  silicon  readout-integrated-circuit  (ROIC).  The  interface  elec¬ 
tronics  operates  the  THA,  providing  power  and  logic  control  signals.  It  also  preprocesses  the  electronic 
image,  and  transfers  this  image  to  the  console  for  further  processing.  The  IE  also  controls  the  trans¬ 
mission  of  the  acoustic  energy  pulse. 

The  console  provides  all  functions  associated  with  overall  system  control,  image  processing, 
image  display,  user  interface  and  system  support.  Its  primary  elements  are  an  IBM  PC  compatible 
microcomputer,  a  high  resolution  monochrome  monitor,  an  RF  power  amplifier,  and  power  condition¬ 
ing  electronics. 
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e  3.  Battlefield  Ultrasonic  Diagnostic  Imager  (BUDI)  Laboratory  Demonstration  System 


The  IBM  PC  compatible  computer  acts  as  the  host  CPU.  It  houses  a  custom  digital  signal  pro¬ 
cessing  board,  the  console  board,  a  custom  image  memory  board,  the  memory  board,  and  a  commer- 
cial-off-the  shelf  image  processor.  It  provides  a  graphical  user  interface  that  allows  the  user  to  control 
image  acquisition  and  display. 

The  console  board  runs  embedded  firmware  to  process  AIM  data  into  a  two-dimensional  image. 
It  also  acquires  and  stores  AIM  data  using  the  memory  board.  The  image  processor  applies  image 
enhancement  algorithms  to  improve  displayed  image  quality  and  converts  the  digital  image  stream  to 
analog  video  (RS-170)  for  presentation  on  a  standard  monitor. 

The  high  resolution,  monochrome  monitor  provides  a  high  quality  display  of  the  final  image. 
This  monitor  exceeds  the  performance  of  the  standard  broadcast  receiver  in  that  it  supports  contrast 
resolution  of  32  gray  levels. 

The  RF  power  amplifier  supplies  the  required  high  power  (up  to  2500  W  peak,  into  50  ohms), 
high  frequency  pulses  required  for  acoustic  interrogation.  It  is  controlled  by  the  probe  interface  elec¬ 
tronics  and  drives  the  transmit  transducers. 

Finally,  the  power  conditioning  electronics  provides  the  primary  low  voltage  power  for  the  probe. 
It  also  contains  an  isolation  transformer  to  eliminate  shock  hazards  to  operators  and  patients,  as 
required  by  safety  regulations. 

BUDI-LDS  FUNCTIONAL  DESCRIPTION 

The  following  functional  description  follows  the  “information”  flow  from  the  user  through  the 
host  CPU  to  the  transmitter/receiver  and  signal  processing,  through  to  visual  display.  It  is  intended 
to  complement  the  physical  description  which  follows  this  narrative. 

System  master  control  originates  at  the  host  CPU,  which  has  display  screens  running  under 
Windows  3.11  and  Lab  View  4.0  on  a  conventional  color  monitor.  The  user  selects  a  command  such  as 
START  imaging  from  the  User  Interface  screen  using  a  trackball.  This  initiates  setup  information 
which  is  downloaded  across  an  RS-485  serial  port  into  the  Interface  Electronics  (I/E)  which  is  con¬ 
tained  in  the  Acoustic  Imaging  Module  (AIM). 

The  Interface  Electronics  interpret  this  command  and  begin  image  generation  and  acquisition. 
A  5  MHz  gated  sinewave  signal  and  a  synch  signal  are  sent  out  to  drive  an  external  RF  power  ampli¬ 
fier.  The  high  power  RF  pulse  returns  to  the  AIM  and  I/E,  where  it  is  distributed  to  one  of  four  trans¬ 
mitter  transducers. 

A  transmitter  transducer  converts  the  electrical  pulse  into  an  acoustic  pulse,  typically  100  to 
200  ps  in  duration.  This  acoustic  pulse  propagates  through  an  internal  fluid  path  in  the  probe,  and 
exits  the  probe  through  a  low  loss,  low  reflection  acoustic  window  into  the  patient. 

Without  going  into  a  detailed  discussion  of  acoustic  propagation  in  the  human  body,  the  follow¬ 
ing  is  a  greatly  simplified  conceptual  model  of  the  body  useful  for  ultrasonic  imaging  of  radiolucent 
shrapnel  embedded  in  the  liver.  The  key  components  are: 

1.  The  body  wall  consisting  of  layers  of  skin,  muscle,  and  fat. 
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2.  The  liver  consisting  of  a  thin,  fibrous  capsule  surrounding  essentially  homogeneous  paren¬ 
chymal  tissue,  interpenetrated  by  vessels  of  various  sizes  and  directions. 

3.  The  embedded  material,  assumed  to  have  rough  surfaces,  sharp  edges  and  to  be  approxi¬ 
mately  1  cm  in  diameter. 

Acoustically  the  body  wall  is  a  source  of  multiple  reflections  (reverberation)  as  well  as  scattering 
and  refraction  from  the  fat  and  muscle  layers.  The  net  result  of  passing  a  sound  pulse  through  such  a 
layer  is  a  severely  scrambled  wavefront,  which  is  often  referred  to  as  aberration.  It  is  akin  to  the 
atmospheric  distortion  seen  by  a  telescope  when  viewing  a  star. 

Passing  into  the  liver  itself,  the  sound  pulse  experiences  significant  attenuation  through  absorp¬ 
tion  and  scattering,  typically  -5  dB  per  cm  path  length.  Larger  vessels  can  produce  large  amplitude 
specular  reflections,  whereas  small  structures  (small  compared  to  a  wavelength  of  the  sound,  X=  0.3 
mm)  are  generally  unresolved  and  contribute  to  speckle  noise  in  the  final  image. 

The  embedded  shrapnel  presents  a  randomly  varying  target  to  the  ultrasound  beam,  depending 
on  its  orientation  and  surface  characteristics.  Typical  target  strengths  are  -30  to  -50  dB  re  a  perfect 
reflector. 

Leaving  the  body,  the  sound  reenters  the  acoustic  window  into  the  waterpath  environment  of  the 
probe.  A  multi-element  acoustical  lens  images  one  plane  in  the  body  onto  an  ultrasonic  detector  array. 
This  lens  is  diffraction  limited  and  is  optimized  for  the  acoustic  frequency  and  focal  plane  array 
dimensions. 

A  Transducer  Hybrid  Array  (THA)  consisting  of  a  128x128  (16,384  total  elements)  composite 
piezoelectric  array,  flip  chip  bonded  directly  to  four  very  large  custom  silicon  read-out  integrated  cir¬ 
cuits  (ROIC)  is  used  to  detect  and  readout  the  focused  image.  Up  to  5  range  gates  are  used  to  activate 
the  THA  for  the  few  microseconds  when  the  acoustic  pulse  from  the  object  plane  is  present. 

The  I/E  electronics  provide  the  control  signals,  clocks  and  power  for  the  ROICs.  Each  acoustic 
element  of  the  array  is  2/3X  square  and  is  bonded  directly  to  a  similarly  sized  region  on  the  integrated 
circuit  containing  a  preamplifier,  analog  sampling,  signal  processing  and  storage.  The  in-phase  (I) 
and  quadrature  (Q)  components  of  the  ultrasonic  image  signals  incident  on  the  array  from  the  single 
transmitted  pulse  are  simultaneously  sampled  and  stored  on  all  16,384  ROIC  cells. 

The  sampled  data  stored  in  the  four  ROICs  are  then  rastered  out  through  16  parallel,  high¬ 
speed  data  channels  into  the  I/E  electronics,  where  they  are  digitized  to  12  bits,  ordered  and  multi¬ 
plexed  through  four  parallel  high  speed  serial  ports  leading  to  the  console  board  in  the  host  CPU. 

In  the  console  board,  data  from  the  serial  ports  are  converted  back  to  12  bit  words  and  magni¬ 
tude  and  phase  are  computed  from  the  sampled  I  and  Q  components  of  the  image. 

These  data  are  then  sent  over  hardwired  ports  to  an  image  processor  (IP)  board  in  the  PC,  where 
gain  correction,  median  filtering,  bilinear  interpolation  to  256x256,  gray  scale  manipulation,  and 
finally  RS-170  formatting  occurs.  At  this  point,  the  video  image  is  sent  to  a  diagnostic  quality  8  inch 
black  and  white  monitor  for  operator  viewing. 
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This  completes  the  process  for  a  single  pulse  of  sound.  Depending  on  the  imaging  configuration 
selected  by  the  operator  several  additional  operations  may  be  performed.  Two  key  operations  will  be 
described  further. 

First,  the  maximum  transmitted  pulse  rate  is  determined  by  the  time  it  takes  the  pulse  to  travel 
from  the  transmitter,  pass  through  the  acoustic  window,  enter  and  leave  the  body  and  propagate  back 
through  the  acoustic  lens  to  the  THA.  This  time  is  determined  by  the  velocity  of  sound  in  the  various 
media  and  the  path  lengths  traveled.  For  a  15  cm  depth  in  the  body,  a  500  Hz  rate  is  readily  achieved. 
Since  a  video  monitor  updates  its  information  at  30  Hz,  this  means  that  up  to  16  acoustic  frames  can 
be  averaged  to  improve  image  quality.  For  this  averaging  to  be  effective,  any  noise  in  the  images  must 
be  statistically  independent.  One  of  the  major  image  noise  sources  expected  is  ultrasonic  speckle  aris¬ 
ing  from  the  coherent  nature  of  the  ultrasound  and  the  properties  of  the  human  body.  To  create 
images  with  statistically  independent  speckle  noise,  four  spatially  separated  transmitting  transduc¬ 
ers,  driven  at  multiple  frequencies,  are  employed.  These  acoustic  frames  are  then  averaged  in  the  con¬ 
sole  board. 

The  other  key  operation  is  to  compensate  for  pixel  to  pixel  variations  in  the  system  due  to  non- 
uniform  insonification  and  spatial  variations  in  lens  transmission,  array  element  sensitivity  and 
ROIC  amplifier  gain  and  offset.  This  is  also  done  in  the  console  board  through  a  real-time  lookup  table 
that  is  loaded  off-line  during  system  calibration. 

Other  available  system  features  include  storage  of  raw  data  on  a  hard  disk  or  erasable  optical 
disk,  videotaping  of  the  displayed  images,  as  well  as  access  to  system  parameters  through  an  expert 
user/test  interface. 

BUDI-LDS  Components 

The  following  sections  describe  the  components  of  the  probe  and  console  in  greater  detail.  They 
discuss  design  considerations,  requirements  and  implementation,  and  expected  performance. 

Probe  Assembly  —  Appendix  A  describes  the  total  probe  assembly.  The  probe  provides  the 
mechanical  configuration  required  to  support  the  various  subsystems  of  the  imager,  including  the 
transmitter,  the  water-filled  acoustic  lens,  the  acoustic  imaging  module1,  and  the  lens  focusing  and 
object  depth  selection  mechanism. 

Figure  A1  lists  the  key  considerations  included  in  the  probe  design  process.  Figure  A2  represents 
the  probe  itself  and  indicates  its  major  subassemblies.  Figure  A3  spells  out  designs  trades  conducted 
to  achieve  the  present  compact  probe  size,  while  controlling  the  fluid  volume  and  keeping  all  electrical 
and  most  mechanical  components  outside  the  fluid  volume. 

Figure  A4  depicts  the  probe  at  the  extremes  of  the  image  depth  range.  Since  the  BUDI-LDS 
employs  a  fixed  focused  lens  for  simplicity,  the  probe  shroud  extends  to  image  shallow  depths.  An 
external  pump  fills  the  additional  fluid  volume  to  provide  a  continuous  image  path. 

Figure  A5  describes  the  probe’s  depth  and  focus  drives.  The  focus  drive  is  used  to  allow  optimal 
adjustment  of  the  fixed-focus  lens,  while  the  depth  drive  allows  the  selection  of  the  desired  object 
plane. 


1  The  AIM  is  composed  of  the  Transducer  Hybrid  Assembly  and  circuit  boards  labeled  in  Figure  A2. 
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Figure  A6  details  the  interface  between  the  acoustic  lens  and  the  THA.  This  interface  is  designed 
to  provide  both  optimum  acoustic  matching  and  a  robust  water  seal. 

Transmitter  Subsystem  — Appendix  B  describes  the  transmitter  subsystem.  As  depicted  in  Fig¬ 
ure  Bl,  it  consists  of  the  transmitter  drive  circuit  board,  an  RF  power  amplifier,  and  four  transmitter 
transducers.  The  probe  houses  the  drive  circuit  and  transducers,  while  the  RF  amplifier  is  contained 
within  the  console  for  this  demonstration  program.  Figure  B2  summarizes  the  key  requirements  of 
the  transmitter. 

The  interface  electronics  controls  transmitter  operation  during  imaging,  setting  the  transmit¬ 
ted  frequency,  synchronizing  the  output  pulse  with  the  operation  of  the  THA,  and  selecting  the  trans¬ 
ducer  that  will  transmit  during  a  given  frame. 

A  pulse  is  initiated  when  the  IE  generates  a  gated,  sinusoidal  voltage  pulse  at  the  frequency  of 
interest.  The  drive  circuit  receives  this  pulse,  controls  its  amplitude,  and  passes  it  to  the  RF  amplifier, 
where  it  receives  a  fixed  gain.  This  increases  the  total  power  of  the  pulse  to  a  maximum  of  2500  W 
peak.  The  high  power  voltage  pulse  returns  to  the  drive  circuit,  where  a  high  power,  high  speed  relay 
bank  routes  it  to  the  selected  transducer. 

The  transducer,  shown  in  Figure  B3,  converts  the  pulse  into  ultrasonic  energy,  and  emits  it  into 
the  body.  As  shown  in  Figure  B4,  the  transducer  is  designed  to  fill  the  entire  80  mm  x  80  mm  field  of 
view  of  the  acoustic  lens. 

Lens  — Appendix  C  describes  the  acoustic  lens.  Figure  Cl  depicts  the  lens  structure.  It  is  a  two 
element,  fixed  focus  lens,  employing  a  liquid  filled  second  element.  A  zero-power  acoustic  window 
resides  in  front  of  the  lens.  The  object  plane  is  150  mm  ahead  of  this  window. 

The  lens  uses  only  two  refractive  materials,  polystyrene  and  a  Flourinert  liquid.  It  incorporates 
four  aspheric  surfaces  and  two  spherical  surfaces  to  produce  a  1.1  mm  blur  circle  .  Figure  C2  lists  its 
physical  and  performance  characteristics. 

Figure  C3  presents  the  lens  point  spread  function  (or  circularly  symmetric  beam  pattern)  para¬ 
metric  with  object  field  position.  Figure  C4  presents  the  extent  of  the  point  spread  function  measured 
at  10%,  1%  and  0.1%  relative  to  the  central  maximum.  It  is  constant  with  field  position  and  remains 
relatively  narrow  down  to  the  1%  point. 

Figure  C5  presents  two  key  trades  that  contributed  to  the  design  of  the  acoustic  lens. 

THA  —  The  Transducer  Hybrid  Assembly  forms  the  receive  transducer  for  the  BUDI-LDS.  It 
consists  of  a  128  x  128  (16,384)  element,  two-dimensional  array  of  piezoelectric  transducers  electri¬ 
cally  integrated  to  a  128  x  128  element  array  of  amplification  and  processing  electronics.  Figure  D1  is 
a  plan  view  of  the  THA,  showing  its  final  form.  The  piezoelectric  array  is  attached  to  four  64  x  64  ele¬ 
ment  readout  integrated  circuits,  shown  in  Figure  D2,  using  an  indium  bump  bonding  technique 
developed  for  infrared  focal  plane  assembly.  The  resulting  package  is  ~1.8"  square  and  provides  a 
25.6  mm  square  active  area.  Figure  D3  provides  a  cross  sectional  view  of  the  THA.  Note  that  the  array 
active  surface  rises  above  the  package  top  surface  to  mate  with  the  membrane  that  forms  the  acoustic 
interface  with  the  lens. 


2 


The  “blur  circle”  is  defined  here  as  the  diameter  of  a  circle  in  the  image  plane  that  encircles  85%  of  all  rays  emitted  from  an  on- 
axis  object  point. 
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Array  —  Appendix  E  describes  the  piezoelectric  array.  This  array  forms  the  acoustic-to-electric 
transducer  and  is  composed  of  a  1-3  composite  piezoelectric  material  based  on  PZT-5H. 

Figure  El  presents  the  physical  and  performance  specifications  for  the  array.  It  is  composed  of 
128  x  128, 180  pm  square  piezoelectric  elements,  surrounded  by  a  ground  electrode,  as  shown  in  Fig¬ 
ure  E2.  The  array  dimensions  and  matching  layer  are  tuned  to  resonate  at  5  MHz,  and  provide  a  min¬ 
imum  2  MHz  6  dB-bandwidth.  A  sensitivity  of  greater  than  -212  dB  re  lV/pPa  is  predicted,  and 
nearest  neighbor  crosstalk  rejection  of  greater  than  30  dB  is  anticipated.  Figure  E3  is  a  detailed  view 
of  one  composite  structure.  Here,  each  piezoelectric  element  contains  four  subelements. 

Readout  Integrated  Circuit  (ROIC)  —  Appendix  F  describes  the  readout  integrated  circuit.  As 
described  in  Figure  FI,  the  ROIC  provides  a  64  x  64  (4096)  element  (or  unit  cell)  array  of  amplification 
and  processing  electronics.  It  also  provides  the  required  analog  multiplexing  and  support  electronics 
to  readout  this  array  at  a  rate  of  up  to  nearly  500  Hz  using  four  outputs,  each  capable  of  providing  up 
to  10  million  analog  samples  per  second. 

Figure  F2  presents  the  electrical  signal  chain  within  the  ROIC,  while  Figure  F3  presents  the 
predicted  electrical  performance  of  the  ROIC.  Figure  F4  is  a  rendering  of  the  ROIC’s  unit  cell.  Each 
electrical  subsystem  is  evident  in  this  rendering. 

The  ROIC  is  capable  of  two  data  collection  modes,  as  summarized  in  Figure  F5.  Mode  1  derives 
in-phase  and  quadrature  (I/Q)  data  from  the  temporal  voltage  signal.  This  data  is  later  converted  to  a 
magnitude  and  phase  measurement  of  the  voltage  generated  by  each  transducer  element  during  the 
period  of  interest  defined  by  the  range  gate  width.  The  ROIC  can  store  up  to  five  separate  I/Q  data 
sets,  using  the  five  storage  cell  banks  resident  in  each  unit  cell.  This  allows  the  BUDI-LDS  to  capture 
a  three-dimensional  data  set,  containing  image  data  from  up  to  five  separate  depths  within  the  body, 
using  a  single  acoustic  pulse.  Figure  F6  graphically  represents  the  five  plane  data  format  for  this 
mode. 

Mode  2  employs  sample  and  hold  circuits  to  digitally  sample  the  voltage  waveform.  Up  to  20  dig¬ 
ital  samples  can  be  acquired  per  transmit  pulse.  These  samples  can  be  used  derive  a  number  of  differ¬ 
ent  values,  e.g.  peak  value  or  rms  average,  appropriate  for  use  in  image  display. 

Figures  F7  through  Fll  present  the  amplifier  trade  conducted  during  ROIC  unit  cell  design,  the 
electrical  operating  modes  of  the  ROIC,  and  the  predicted  electrical  performance  for  the  ROIC,  includ¬ 
ing  total  harmonic  distortion,  wideband  noise,  and  electrical  crosstalk. 

System  Electronics  —  The  BUDI-LDS  has  three  primary  electronic  subsystems  that  perform 
control  and  processing  functions.  They  are  the  ROIC  interface  electronics,  the  console  and  memory 
boards,  and  the  digital  signal  processing  (DSP)  image  processing  board.  Figure  G1  presents  a  block 
diagram  of  the  functional  relationships  between  these  subsystems. 

ROIC  Interface  Electronics  (IE)  —  Figure  G2  outlines  the  requirements  for  the  interface  elec¬ 
tronics.  The  IE  controls  image  acquisition  and  readout,  from  acoustic  pulse  transmission  and  data  col¬ 
lection  to  analog  multiplexing.  It  also  preprocesses  image  data  by  combining  quadrature  data 
samples,  and  communicates  image  data  to  the  console  board  over  a  high  speed,  300  Mbytes/second, 
digital,  fiber-channel  interface. 

Console  &  Memory  Boards  —  Figure  G3  lists  the  requirements  for  the  console  and  memory 
boards.  These  boards  compose  image  data  into  ordered  128  x  128  image  frames,  buffer  image  data  for 
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digital  recording  and  repetitive  or  “cine”  playback,  execute  a  variety  of  image  processing  algorithm 
functions  and  transmit  processed  high-speed  image  data  to  the  DSP  image  processor. 

Figure  G4  presents  a  diagram  of  the  processing  algorithm  applied  to  the  image  data  by  the  con¬ 
sole  board  when  the  ROIC  is  operated  in  quadrature  sampling  mode.  Algorithmic  functions  include 
image  composition,  magnitude  and  phase  calculation,  plane  display  selection,  frame  averaging  and 
data  storage.  Figure  G6  also  presents  an  estimate  of  processing  throughput  required  to  execute  these 
functions. 

Figure  G5  presents  a  diagram  of  the  processing  algorithm  applied  to  the  image  data  by  the  con¬ 
sole  board  when  the  ROIC  is  operated  in  digital  sampling  mode.  Algorithmic  functions  include  image 
composition,  offset  correction,  displayed  value  calculation,  frame  averaging  and  data  storage.  Figure 
G5  also  presents  an  estimate  of  processing  throughput  required  to  execute  these  functions.  Figure  G6 
presents  a  hardware  block  diagram  of  the  console  board. 

The  frame  averaging  algorithm  is  applied  to  improve  image  signal-to-noise  ratio  by  averaging 
uncorrelated  image  noise.  One  component  of  this  noise  is  thermal  noise  originating  at  the  transducer. 
However,  a  more  significant  component  is  speckle  arising  from  the  interference  pattern  generated  by 
the  coherent  insonification  of  the  object  plane  within  the  body.  By  varying  the  frequency  of  the  emitted 
sonic  pulse,  and  the  point  of  origin  of  this  pulse,  from  frame  to  frame,  this  speckle  pattern  becomes 
uncorrelated.  Therefore,  the  frame  averaging  algorithm  will  reduce  this  uncorrelated  noise  source  as 
well. 


DSP  Image  Processor  —  The  DSP  image  processing  board  is  a  commercially  available  DSP  card 
built  around  the  Analog  Devices  SHARC  high-speed,  floating  point  processing  chip.  This  card  will  be 
programmed  in  C  to  execute  the  image  enhancement  algorithms  presented  in  Figure  G7.  These  algo¬ 
rithms  include  a  gain  correction  algorithm  to  compensate  for  non-uniformities  in  transducer  sensitiv¬ 
ity  and  ROIC  amplifier  gain  across  the  THA,  image  median  filtering  to  remove  single  point  image 
defects,  two-dimensional  bilinear  interpolation  to  increase  the  displayed  image  to  256  x  256  from  128 
x  128  to  improve  displayed  image  appearance,  a  gray  scale  manipulation  lookup-table  to  provide  end- 
users  with  a  choice  of  image  contrast  settings,  and  RS-170  formatting  to  create  an  analog  video  signal 
suitable  for  display  on  a  conventional  monitor.  These  functions  are  applied  in  both  ROIC  operating 
modes. 

Support  Hardware — The  remaining  components  of  the  BUDI-LDS  are  commercial  off-the-shelf 
items.  They  include  a  IBM  PC  compatible  microcomputer,  a  number  of  DC  power  supplies,  an  8"  high- 
resolution  monitor,  an  equipment  rack  and  a  medical  grade  isolation  transformer. 

Software  —  The  BUDI-LDS  employs  a  variety  of  software  to  provide  user  interfaces,  control 
functions,  and  processing  functions.  Figure  HI  depicts  the  relationship  among  the  various  software 
objects  and  the  hardware  with  which  they  interact. 

Software  objects  resident  on  the  IBM  compatible  host  computer  run  under  Windows  3.11,  and 
are  written  either  in  C  or  in  the  National  Instruments  LabVIEW  environment.  LabVIEW  was  chosen 
to  minimize  the  effort  associated  with  creating  a  high  quality  graphical  user  interface  for  the  BUDI- 
LDS. 


Software  objects  resident  on  the  DSP  image  processor  are  written  in  C,  while  the  console  board, 
memory  board,  and  ROIC  interface  electronics  are  all  run  using  on-board  firmware. 
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CONCLUSIONS  &  STATUS 


Phase  II  activities  to  date  have  resulted  in  a  preliminary  design  for  a  complete  ultrasonic  imager 
based  on  a  2-D,  receive  only  transducer  hybrid  assembly.  At  the  close  of  the  first  year  of  Phase  II,  the 
BUDI-LDS  stands  ready  for  the  completion  of  detailed  design,  the  subsequent  fabrication  of  compo¬ 
nents,  and  the  integration  of  a  working  imager. 

POINT  SPREAD  FUNCTION  COMPARISON 

The  following  section  describes  an  experiment  conducted  to  compare  the  point  spread  function 
(2D  beam  pattern)  of  the  Lockheed  Martin  doublet  acoustic  lens  with  the  point  spread  function  (2D 
beam  pattern)  of  a  conventional  B-scan  ultrasound  imager.  This  experiment  revealed  a  dramatically 
smaller  point  spread  function  for  the  doublet  lens  when  compared  to  the  conventional  B-scan  linear 
phased  array.* 


This  work  was  funded  by  Lockheed  Martin  internal  research  and  development  funds.  It  appears  here  in  support  of  the  BUDI  sys¬ 
tem  concept. 


Point  Spread  Function  Comparison 


Conventional  High  Performance  Linear  Phase  Array  Transducer  compared 

to  the  BUDI  Phase  I  Doublet  Lens 
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Abstract 

The  point  spread  function  is  a  measurement  of  an  imaging  system  response  to  a  point 
source  or  target  The  PSF  can  be  affected  by  the  aperture  through  which  the  image  is 
formed  and  the  medium  through  which  the  waves  forming  the  image  propagate. 
Experiments  were  performed  to  assess  the  PSF  of  an  acoustic  doublet  lens  and  a 
conventional  linear  phased  array  in  response  to  a  point  target  embedded  in  scattering  and 
non-scattering  material.  It  was  found  that  the  doublet  lens  had  similar  spatial  resolution  in 
the  azimuthal  direction  and  superior  spatial  resolution  in  the  elevation  direction.  Due  to  the 
aperture  geometry  and  one-way  focusing,  the  doublet  lens  should  exhibit  a  smaller  angular 
extent  of  the  sidelobes  than  the  linear  phased  array.  Noise  floor  limitations  of  the  data 
acquisition  system  limited  assessment  of  this. 

Problem  Statement 

Conventional  linear  phased  array  transducers  produce  B-scan  images  comprised  of  signals 
reflected  from  structures  that  lie  primarily  in  a  plane  described  by  the  range  and  azimuthal 
axes.  The  acoustic  doublet  lens  is  being  used  to  produce  C-scan  images  comprised  of 
signals  reflected  from  structures  that  lie  in  a  planes  described  by  the  elevational  and 
azimuthal  axes  at  specified  ranges.  The  PSF  of  interest  for  these  experiments  is  one 
measured  in  the  C-scan  imaging  plane .  In  order  to  compare  the  PSF  in  the  C-scan 
imaging  plane  for  the  doublet  lens  and  the  linear  phased  array  transducer,  a  series  of 
parallel  linear  phased  array  transducer  (LPAT)  B-scan  images  were  acquired  at  evenly 
spaced  elevational  increments  and  then  processed  to  produce  equivalent  C-scan  images  for 
comparison.  The  same  targets  were  used  to  acquire  image  information  for  both  the  doublet 
lens  and  the  LPAT. 
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Goal  of  Experiment 

The  goal  of  the  experiment  was  to  measure  the  point  spread  function  of  an  acoustic  doublet 
lens  and  a  conventional  linear  phased  array  transducer  in  scattering  and  non-scattering 
media. 


Targets 

There  were  two  targets  that  differed  in  the  composition  of  the  embedding  material.  In  both 
targets,  the  point  scatterer  consisted  of  a  0.5mm  diameter  tungsten  carbide  sphere.  One 
target  consisted  of  a  0.5mm  diameter  tungsten  carbide  sphere  embedded  40  mm  from  the 
circular  surface  of  a  3%  agar  cylinder  (AGAR).  The  cylinder  had  a  76.2  mm  diameter  and 
90  mm  height  The  sphere  was  located  along  the  central  axis  of  the  cylinder. 

The  other  target  consisted  of  a  0.5mm  diameter  tungsten  carbide  sphere  embedded  in  a 
100mm  by  100mm  by  88mm  cube  of  tissue  equivalent  material  (TEM)  prepared  by  ATS 
Laboratories,  Inc.  of  Bridgeport,  CT.  The  material  has  a  speed  of  sound  equal  to  1469 
m/s,  attenuation  coefficient  equal  to  0.692  dB/cra/MHz  and  a  backscatter  coefficient 
equivalent  to  the  AIUM  standard  for  liver.  The  tungsten  carbide  sphere  was  positioned 
21.9mm  from  the  front  of  the  cube,  30.7mm  from  the  left  side  of  the  cube  and  21.9mm 
from  the  bottom  of  the  cube.  The  offset  position  of  the  sphere  from  the  center  of  the  cube 
enabled  measurements  involving  differing  depths  of  scattering  material. 
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Experimental  Equipment 

Except  as  noted  in  the  following,  description  of  experimental  equipment,  procedures  and 
data  analysis  can  be  found  in  the  summary  report  entitled  Acoustic  Lens 
Characterization  in  Scattering  Medium  dated  and  presented  toLockheed  Martin 
(then  LIRIS)  on  18  March  1996. 
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Linear  Phased  Array 
Description  of  Experiment 

The  images  were  acquired  with  an  Acuson  128XP/10  imaging  system  using  an  L5  linear 
phased  array  transducer  operating  at  5MHz.  The  nominal  dimensions  of  the  transducer 
aperture  were  43mm  in  the  azimuthal  direction  and  6.5  mm  in  the  elevation  direction.  The 
transducer  was  held  in  mechanical  positioning  system  that  allowed  it  to  be  scanned  across 
the  surface  of  the  target  material  in  precise  1mm  increments  in  the  elevation  direction. 
(Figure  1) 

For  the  non-scattering  medium,  the  transducer  was  scanned  in  the  elevational  direction 
along  the  circular  surface  of  the  AGAR  target.  The  0.5mm  tungsten  carbide  sphere  was 
located  40mm  from  the  scanning  surface  along  the  cylindrical  axis.  For  the  scattering 
medium,  the  transducer  was  scanned  in  the  elevational  direction  along  the  left  side  of  the 
TEM  cube  where  the  0.5mm  tungsten  carbide  sphere  was  located  31mm  below  the  surface. 
In  both  cases,  a  thin  coat  of  coupling  gel  was  placed  on  the  target  and  the  transducer  face. 
The  transducer  face  was  then  placed  in  contact  with  the  surface  of  the  target  material. 

From  a  theoretical  point  of  view,  the  beam  pattern  of  the  LPAT  was  modeled  as  a 
rectangular  aperture,  to  a  first  approximation.  The  x-axis  corresponds  to  the  azimuthal 
direction  and  the  y-axis  to  the  elevational  direction.  The  intensity  in  both  directions  was 
therefore  modeled  by  a  (sin(l)/l)A2  (“Sine”  squared)  function  where  1  =  (width  of  aperture 

along  axis  of  interest  •  distance  along  axis  of  interest  from  center)  /  (wavelength  of 

insonating  wave  •  range  position).  The  speed  of  sound  used  for  the  AGAR  was  1490  m/s 
and  1469  m/s  for  the  TEM. 
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The  2-D  image  of  the  PSF  for  the  LPAT  was  constructed  from  a  series  of  azimuthal  lines 
obtained  from  consecutive  B-scan  images,  taken  at  the  depth  containing  the  maximum 
brightness  from  the  point  scatterer.  (Figure  2)  A  study  was  undertaken  to  verify  that  image 
intensity  exhibited  a  linear  relation  with  ultrasound  intensity.  (Figure  3)  The  Acuson  was 
adjusted  for  OdB  transmit  power,  50dB  log  compression,  0  persistence,  a  linear  processing 
curve  and  the  gain  adjusted  so  that  the  maximum  reflected  signal  from  the  point  scatterer 
produced  a  maximum  brightness  level.  The  TGC  controls  were  set  to  the  NSDG  mode. 

The  slope  (S)  was  set  to  3.5  dB/cm  for  the  TEM  target  and  0  dB/cm  for  the  AGAR  target. 
The  azimuthal  data  was  interpolated  to  form  the  2-D  PSF  image.  Theoretical  plots  based  on 
a  simple  rectangular  aperture  were  plotted  along  with  the  cross-sectional  data  along  the 
azimuthal  and  elevational  axes. 

Results 

PSF  of  Linear  Phased  Array  in  Non-scattering  Medium:  Measured  & 
Theoretical 

2-D  Image  of  PSF(Figure  4) 

The  data  was  normalized  to  a  0  dB  maximum  and  plotted  with  a  50  dB  dynamic  range  of 
intensity  as  indicated  in  the  color  legend.  Demarcations  on  the  axes  correspond  to  1mm 
increments. 

Cross-sectional  Graphs  of  PSF  taken  at  intersection  of  PSF  maximum  along 
the  azimuthal  (x)  and  elevational  (y)  axes 

azimuthal  (x)  axis  (Figure  5) 

elevational  (y)  axis  (Figure  6) 


9611-12 


20 


r 


PSF  of  Linear  Phased  Array  in  Scattering  Medium:  Measured  &  Theoretical 
2-D  Image  of  PSF( Figure  7) 

The  data  was  normalized  to  a  0  dB  maximum  and  plotted  with  a  50  dB  dynamic  range  of 
intensity  as  indicated  in  the  color  legend.  Demarcations  on  the  axes  correspond  to  1mm 
increments. 

Cross-sectional  Graph  of  PSF  taken  at  intersection  of  PSF  maximum  along 
the  azimuthal  (x)  and  elevational  (y)  axes 

azimuthal  (x)  axis  (Figure  8) 

elevational  (y)  axis  (Figure  9) 

Observations  &  Conclusions  relative  to  Linear  Phased  Array 
As  expected,  the  spatial  resolution  in  the  azimuthal  direction  was  considerably  better  than  in 
the  elevational  direction.  This  can  lead  to  significant  out  of  plane  artifacts  in  conventional 
B-scan  images. 
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Doublet  Lens 


Description  of  Experiment 

Both  targets  were  held  in  position  with  a  3-axis  adjustable  mechanism  such  that  the  0.5mm 
tungsten  carbide  sphere  serving  as  the  scattering  source  was  200mm  (on  the  range  axis) 
from  the  front  surface  of  the  object  side  of  the  doublet  lens.  A  one-half  inch  diameter,  flat, 
unfocused,  single  element  transducer  was  located  to  the  side  of  the  doublet  lens  and  aimed 
such  that  its  beam  axis  was  coplanar  with  the  doublet  lens  and  intersected  with  the  beam 
pattern  of  the  doublet  lens  at  the  location  of  the  point  scatterer.  (Figures  10  and  11)  For 
the  AGAR  target,  the  axis  of  the  cylinder  was  aligned  with  the  receive  beam  pattern  of  the 
doublet  lens  and  oriented  so  that  the  point  scatterer  was  40mm  behind  the  circular  surface 
closest  to  the  lens.  For  the  TEM  target,  the  cube  was  aligned  so  that  the  point  scatterer  was 
31mm  behind  the  surface  that  was  perpendicular  to  the  axis  of  the  receive  beam  pattern. 

From  a  theoretical  point  of  view,  the  doublet  lens  can  be  considered  as  a  circular  aperture, 
to  a  rough  approximation.  Therefore,  the  beam  intensity  pattern  at  the  imaging  plane  can  be 
modeled  by  what  is  commonly  referred  to  as  a  “Jinc  squared”  function  where  a  “Jinc” 
function  is  given  as  (J,(r)/r),  J,( )  representing  a  Bessel  function  of  the  first  kind.  In  this 

case  r  equals  (k*l*r0)/(2«z)  where  1  represents  the  diameter  of  the  aperture,  r0 

represents  the  radial  distance  from  the  range  axis  in  the  imaging  plane,  z  represents  the 
distance  along  the  range  axis  from  the  aperture  and  k  represents  the  wave  number 

(frequency  in  radians  divided  by  the  speed  of  sound  in  the  propagating  medium,  oVc  or 
27tf/c).  The  speed  of  sound  used  for  the  AGAR  was  1490  m/s  and  1469  m/s  for  the  TEM. 

The  source  of  excitation  was  a  Tektronix  FNG5010  function  generator  running  in  burst 
mode.  This  provided  10  cycles  of  a  5  MHz  sine  wave.  System  triggering  was  provided  by 
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a  Tektronix  PG501  pulse  generator  running  at  5  kHz.  The  excitation  source  drove  an 
Amplifier  Research  1000  RF  amplifier  which  was  directly  coupled  to  the  0.5”  diameter  flat 
transmit  transducer. 

Pressure  in  the  imaging  focal  plane  was  obtained  by  scans  carried  out  with  the  NTR  AIMS 
Acoustic  Intensity  Measurement  System.  A  NP-1000  0.5mm  diameter  hydrophone  was 
scanned  by  a  high-precision  three  dimensional  positioning  system  under  computer  control. 
The  hydrophone  output  was  connected  to  a  HP2130  30dB  pre-amplifier.  The  output  of  the 
pre-amplifier  was  fed  into  a  TTE  KG-4  passive  5  MHz  bandpass  filter  to  reduce  noise. 

The  filtered  signal  was  connected  to  the  receiver  of  a  Panametrics  507 2PR  pulser/receiver 
whose  output  was  connected  to  the  50  MHz  digitizer  of  the  AIMS  system  for  data 
acquisition,  analysis  and  storage.  Planar  scans  at  the  focal  depth  of  60mm  from  the  center 
of  the  surface  of  imaging  side  of  the  doublet  lens  as  well  as  line  scans  along  the  azimuthal 
and  elevational  axes  were  recorded  for  the  AGAR  and  the  TEM  targets.  Theoretical  plots 
based  on  a  simple  circular  aperture  were  plotted  along  with  the  cross-sectional  data  along 
the  azimuthal  and  elevational  axes. 

Results 

PSF  of  Doublet  Lens  in  Non-scattering  Medium:  Measured  &  Theoretical 
2-D  Image  of  PSF  (Figure  12) 

The  data  was  normalized  to  a  0  dB  maximum  and  plotted  with  a  50  dB  dynamic  range  of 
intensity  as  indicated  in  the  color  legend.  Demarcations  on  the  axes  correspond  to  1mm 
increments. 
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Cross-sectional  Graphs  of  PSF  taken  at  intersection  of  PSF  maximum  along 
the  azimuthal  (x)  and  elevational  (y)  axes 

azimuthal  (x)  axis  (Figure  13) 

elevational  (y)  axis  (Figure  14) 

PSF  of  Doublet  Lens  in  Scattering  Medium:  Measured  &  Theoretical 
2-D  Image  of  PSF  (Figure  15) 

The  riahi  was  normalized  to  a  0  dB  maximum  and  plotted  with  a  50  dB  dynamic  range  of 
intensity  as  indicated  in  the  color  legend.  Demarcations  on  the  axes  correspond  to  1mm 
increments. 

Cross-sectional  Graph  of  PSF  taken  at  intersection  of  PSF  maximum  along 
the  azimuthal  (x)  and  elevational  (y)  axes 

azimuthal  (x)  axis  (Figure  16) 

elevational  (y)  axis  (Figure  17) 

Observations  &  Conclusions  relative  to  Doublet  Lens 

As  expected,  the  doublet  lens  exhibited  uniform  spatial  resolution  in  both  the  azimuthal  and 
elevational  directions.  The  voltage  levels  outside  the  main  lobe  fell  within  the  noise  level  of 
the  measurement  system.  The  effect  of  the  scattering  material  on  the  PSF  was  to  lower 
ratio  of  the  main  lobe  signal  from  the  point  scatterer  to  that  of  the  signal  noise  through 
attenuation  of  the  transmitted  pressure  wave  insonating  the  scatterer  and  further  attenuation 
of  the  scattered  pressure  wave  from  the  point  scatterer.  It  was  determined  that  for  the 
linear,  unfocused  insonation  of  the  target,  an  increase  in  the  signal  to  noise  ratio  would 
require  a  measurement  system  with  a  lower  noise  floor  than  the  experimental  setup  was 
able  to  provide. 
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Comparison  of  Phased  Array  &  Doublet  Lens  PSF  Results 

PSF  of  Linear  Phased  Array  &  Doublet  Lens  in  Non-scattering  Medium: 
Measured 

2-D  Image  of  PSF(Figure  18) 

The  data  was  normalized  to  a  0  dB  maximum  and  plotted  with  a  50  dB  dynamic  range  of 
intensity  as  indicated  in  the  color  legend.  Demarcations  on  the  axes  correspond  to  1mm 
increments. 

Cross-sectional  Graph  of  PSF  taken  at  intersection  of  PSF  maximum  along 
the  azimuthal  (x)  and  elevational  (y)  axes 

azimuthal  (x)  axis  (Figure  19) 

elevational  (y)  axis  (Figure  20) 

PSF  of  Linear  Phased  Array  &  Doublet  Lens  in  Scattering  Medium: 
Measured 

2-D  Image  of  PSF(Figure  21) 

The  data  was  normalized  to  a  0  dB  maximum  and  plotted  with  a  50  dB  dynamic  range  of 
intensity  as  indicated  in  the  color  legend.  Demarcations  on  the  axes  corresponds  to  1mm 
increments. 


Cross-sectional  Graph  of  PSF  taken  at  intersection  of  PSF  maximum  along 
the  azimuthal  (x)  and  elevational  (y)  axes 

azimuthal  (x)  axis  (Figure  22) 

elevational  (y)  axis  (Figure  23) 
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Observations  &  Conclusions  regarding  comparison  of  Doublet  Lens  and 
Linear  Phased  Array  Transducer 

An  advantage  of  a  circular  aperture  is  that  it  provides  uniform  radial  spatial  resolution  in  the 
plane  defined  by  the  azimuthal  and  elevational  axes  whereas  the  ratio  of  spatial  resolution  of 
a  rectangular  aperture  in  the  azimuthal  and  elevational  direction  will  depend  on  the  ratio  of 
azimuthal  and  elevational  dimensions  of  the  aperture  in  an  inverse  manner. 

It  was  demonstrated  that  the  scattering  material  produced  a  marked  improvement  in  the 
spatial  resolution  of  the  LPAT  in  both  the  azimuthal  and  elevational  directions. 
Undoubtedly,  commercial  ultrasound  imaging  systems  are  designed  for  propagation  in 
weakly  scattering  media  such  as  tissue  and  their  focusing  designs  for  both  transmit  and 
receive  are  optimized  for  this  situation.  The  main  effect  of  the  scattering  material  on  the 
doublet  lens  PSF  was  to  lower  the  signal  to  noise  ratio  (SNR),  primarily  due  to  the 
attenuation  of  the  overall  scattered  signal  arising  from  the  point  scatterer.  A  similar 
reduction  in  the  SNR  is  also  evident  for  the  PSF  of  the  LPAT  in  the  scattering  material. 

The  SNR  of  the  LPAT  PSF  was  higher  than  that  of  the  doublet  lens  for  both  the  AGAR 
and  TEM  target  Two  of  the  factors  accounting  for  this  difference  are  1)  lower  noise  floor 
and  wider  dynamic  range  typically  found  in  commercial  ultrasound  imaging  systems 
(typically  50  dB  or  greater)  compared  to  the  AIMS  measurement  system  (approximately  35 
dB  of  effective  dynamic  range  when  noise  floor  is  accounted  for)  and  2)  focused  transmit 
pressure  waves  (fixed  elevationally,  electronically  focused  azimuthally)  in  commercial 
ultrasound  imaging  systems  versus  a  relatively  small  aperture  unfocused  transducer  in  the 
measurement  system. 
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Figure  to  be  supplied  at  later  date 


Figure  1.  The  transducer  was  held  in  mechanical  positioning  system  that  allowed  it  to  be  scanned  across  the 
surface  of  the  target  material  in  precise  1mm  increments  in  the  elevation  direction 
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Figure  to  be  supplied  at  later  date 


Figure  2.  2D  Image  of  the  PSF  for  the  LPAT  constructed  from  a  series  of  azimuthal  lines  obtained  from  consecutive 
B-scan  images,  taken  at  the  depth  containing  the  maximum  brightness  from  the  point  scatterer. 
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(Figure  5) 

Azimuthal  scan,  Bead  in  agar,  LPAT 


(Figure  6) 

Elevational  scan,  Bead  in  agar,  LPAT 


Lateral  distance  (mm) 

- Sine  squared  for  6.5mm  aperture  height 


(Figure  8) 

Azimuthal  scan,  Bead  in  TEM,  LPAT 


Lateral  distance  (mm) 

- Sine  squared  for  43mm  aperture  width 


(Figure  9) 

Elevational  scan,  Bead  in  TEM,  LPAT 
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Acoustic 


Image  plane  Object  plane 
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Unfocused  1/2” 
transmit  transducer 
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(Figure  22) 

Azimuthal  scan,  Bead  in  TEM,  Comparison  of  LPAT  and  Doublet  Lens 


Doublet  Lens 


(Figure  23) 

Elevational  scan,  Bead  in  TEM,  Comparison  of  LPAT  and  Doublet  Lens 


Lateral  distance  (mm) 

LPAT  ■  •  Doublet  Lens 
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Minimize  Size  and  Weight 
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Figure  A-1.  Probe  Requirements 


Figure  A-2.  BUDI  Probe  Configuration 


Fixed  Case  Length  Variable  Case  Length 
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Figure  A-3.  Probe  Configuration  is  Result  of  Design  Trades 


~  151mm  Object  Depth 


Figure  A-4.  Object  imaging  Depth  Variable  Over  15+  cm  Range 
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Figure  A-5.  Depth  and  Focus  Drives  Employ  Similar  Hardware  Solutions 
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Figure  A-6.  Transducer  Hybrid  Interfaces  to  Lens  Via  Membrane 
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Figure  A-7.  Probe  Status  Considerations 
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Figure  B-1.  BUDI  Transmitter  Subsystem  Block  Diagram 
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Figure  B-2.  Key  Requirements 
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Figure  B-3.  Transmit  Transducer 
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Figure  B-4.  Narrow  Rectangular  Transmitter  minimizes  Probe  Assembly  Diameter 
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Requirements  Predicted  Performance 
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Figure  C-2.  Acoustic  Lens  Requirements 
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Figure  C-4.  Extent  of  Point  Spread  Function 


£  ■O 

•r 


=  13 


O  .<2 

S3 

2 

3  CO  O 

c  "O 

g  i  c 

5-  fc  CO 

<  h*  c 

O)  ®  O 
c  o 

»  E« 
^  E  .2 


E  ui 


o  <? 

O  « 

■Q  00 

s  i 

3fc  ifc 

u:  S 
(0  © 
CL  E 

.  CO 

§5 

i-  CO 

0  c 

s  5 

i  o 
5  § 

0  T3 

c  © 
©  DC 


£  m 
2  S3 

Q.  ■ 

o  s 

8  9 

D  1" 

©  E 
8  2 
1  5 

E  © 
o  g 
t  g 
©  2. 
CL  o 

LL  — 
<0  =* 
CL  ^ 


Figure  C-5.  Acoustic  Lens  Key  Trades 
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Figure  D-1.  Transducer  Hybrid  Assembly:  Plan  View 


Figure  D-2.  Packaged  ROICs:  Top  View 
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Figure  E-2.  Composite  Array 
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64  x  64  Array  of  Input  Cells  on  200  (im  Pitch 
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Figure  F-1.  BUDI  ROIC  Description 
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Figure  F-2.  BUDI  ROIC  Signal  Chain  Block  Diagram 
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Figure  F-3.  BUDI  ROIC  Performance  Specification 
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Figure  F-4.  ROIC  Unit  Cell  Layout 
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Figure  F-5.  ROIC  Data  Collection  Modes 
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Figure  F-6.  Pixel  Data  Format  for  Each  of  Four  ROICs 


Figure  F-7.  Input  Amplifier  Total  Harmonic  Distortion 
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Figure  F-8.  Input  Amplifier  Wideband  Noise 


Figure  F-9.  ROIC  Electrical  Operating  Modes 


Crosstalk  Mechanisms 


Figure  F-10.  ROIC  Cell-to-Cell  Crosstalk 
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ROIC  Interface 


Figure  G-1.  BUDI  Signal  Processing  Path 


Interfaces  ROICs  to  Console  Board 
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Figure  G-2.  ROIC  Interface  Requirements 
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Figure  G-3.  Console  Board  Requirements 
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Figure  G-4.  Console  Card  Algorithms  Quadratuve  Sampling  Mode 
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Figure  G-5.  Console  Card  Algorithms  Digital  Sampling  Mode 
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Figure  G-7.  Image  Processor  Card  Algorithms 
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Figure  H-1.  Software  Object/Hardware  Relationships 


